MFEIT (multi-frequency electrical impedance tomography) could distinguish between ischaemic and haemorrhagic stroke and permit the urgent use of thrombolytic drugs in patients with ischaemic stroke. The purpose of this study was to characterize the UCLH Mk 2 MFEIT system, designed for this purpose, with 32 electrodes and a multiplexed 2 kHz to 1.6 MHz single impedance measuring circuit. Data were collected in seven subjects with brain tumours, arteriovenous malformations or chronic stroke, as these resembled the changes in haemorrhagic or ischaemic stroke. Calibration studies indicated that the reliable bandwidth was only 16-64 kHz because of front-end components placed to permit simultaneous EEG recording. In raw in-phase component data, the SD of 16-64 kHz data for one electrode combination across subjects was 2.45 ± 0.9%, compared to a largest predicted change of 0.35% estimated using the FEM of the head. Using newly developed methods of examining the most sensitive channels from the FEM, and nonlinear imaging constrained to the known site of the lesion, no reproducible changes between pathologies were observed. This study has identified a specification for accuracy in EITS in acute stroke, identified the size of variability in relation to this in human recordings, and presents new methods for analysis of data. Although no reproducible 0967-3334/06/050147+15$30.00 © 2006 IOP Publishing Ltd Printed in the UK S147 S148 A Romsauerova et al changes were identified, we hope this will provide a foundation for future studies in this demanding but potentially powerful novel application.
Introduction

Potential use of EIT for providing urgent neuroimaging in acute stroke to permit the use of thrombolytic therapy
The possible use of MFEIT for rapid neuroimaging in acute stroke is very attractive, as it could be used in casualty or the community to distinguish haemorrhagic from ischaemic stroke and so permit the use of thrombolytic (clot-dissolving) drugs. Until recently, there has been no treatment for acute stroke-the pathology is left to evolve without intervention. In the past decade, it has been shown that administration of a thrombolytic agent, such as tPa, substantially reduces morbidity and mortality (Osborn et al 1999) . However, this has not been widely taken up; because it has to be given very rapidly, otherwise the ischaemic brain becomes irretrievably damaged. In practice, this is within 3-6 h. In addition, urgent neuroimaging must be performed first, as the clinical appearances of a stroke are identical but can be due to ischaemic stroke, due to occlusion of an artery, but also a haemorrhage. Thrombolytic therapy must not be given in the latter case, as the haemorrhage may extend. The non-contrast head CT scan remains the first-line imaging study in suspected stroke patients due to its exquisite sensitivity for the detection of blood (Hankey and Warlow 1999) . In practice, it is impossible to obtain an urgent CT and have it reported in the time available, except for dedicated highly equipped centres. EIT is portable and inexpensive. In principle, it could provide urgent neuroimaging in such an acute situation-a scan could be collected in a few minutes with the use of a headnet, and it could be rapidly reported over the internet by a radiologist.
Background
Physiological basis for expecting bioimpedance changes in stroke and related
conditions. The magnitude of the expected changes may be estimated from values of the impedance in the literature and the expected dilution of these when measured on the scalp. The impedance of normal grey matter in the brain is due to the conductive ionic extra-and intra-cellular compartments, and many fine branched neuronal processes which give a fairly high permittivity, so that there is a substantial change of conductivity with frequency as more current passes through the cell membranes into the intracellular space (Gabriel et al 1996b) . In contrast, blood behaves almost as an aqueous ionic solution up to over 1 MHz and so has a very flat frequency response (Gabriel et al 1996b) . In ischaemic grey matter in the brain, extracellular water moves into the intracellular space. As a result, the low frequency conductivity is reduced, but the properties are similar at higher frequencies approaching 1 MHz; the net effect is that the change with frequency is marginally greater than normal grey matter above 100 Hz or so (Gabriel et al 1996b) . There are therefore large differences in conductivity over frequency between blood, normal, and ischaemic brain which could be exploited by MFEIT (figure 1). Similar changes may be expected to occur in other pathology in Conductivities for normal and ischaemic tissues in the head; compilation from a literature review (Horesh et al 2005a) . the brain, which resemble these-there is an increase in blood in arteriovenous malformation, malignant brain tumours are more vascular and have a larger extracellular space, and, in chronic stroke, brain tissue has been replaced by highly conductive cerebrospinal fluid.
Introduction to the UCLH Mk 2 multi-frequency EIT system.
In our group at UCL, we have been developing the UCLH Mk 2 MFEIT system for this purpose . Its principle was that it utilized a single impedance measuring module derived from the Sheffield Mk 3.5 MFEIT system (Wilson et al 2001) . Unlike this system, which used parallel modules, each capable of driving current or receiving, it utilized a multiplexer which enabled it to address up to 64 electrodes. Although this was a compromise in that this introduced additional stray capacitance, it had the advantage that a larger number of electrodes could be flexibly addressed to permit evaluation of different electrode combinations. The underlying module delivers 293 µA rms over 30 frequencies from 2 kHz to 1.6 MHz.
However, various compromises had to be made in its design. In order to meet with the requirements of IEC601, additional dc blocking capacitors were introduced in each electrode line for patient safety. To allow simultaneous acquisition of EEG, resistors to ground were also introduced in each electrode to attenuate switching artefacts in the EEG band. These modifications attenuated frequencies of 4 kHz and below. In addition, capacitance in long, unscreened leads and contact impedance set the high frequency limit to 128 kHz (figure 2).
Purpose
The purpose of this study was to characterize the UCLH Mk 2 system and determine if it has sufficient accuracy to proceed to human studies in acute stroke. The goals of this work were (1) to determine the variability of changes in the bandwidth from which changes could reliably be recorded, (2) to develop methods short of full image reconstruction to attempt to discriminate small changes which may have been statistically significant but may not have shown up in images, (3) to determine any shortcomings in instrumentation, and (4) if any significant differences could indeed be observed between pathology and normal brain in human subjects.
Experimental design
In order to discriminate these pathologies, it was essential that the system had a flat frequency response and that this was independent of the load measured. This was tested by recording the raw impedance data from a cylindrical tank with 16 electrodes while saline solution was serially diluted to give equivalent loads to those encountered in the adult human head. Human measurements were then made in subjects with conditions that could conveniently be recorded in an out-patient setting, but which resembled the changes in haemorrhagic or ischaemic stroke-brain tumours, arteriovenous malformations (AVMs) or chronic stroke, in which the resorbed infarcted brain is occupied by cerebrospinal fluid, which resembles blood.
Data were initially processed by reconstruction of EIT images of abnormalities using a linear frequency difference method. In the event, it was not possible to obtain reproducible images of the known pathology in the subjects. We therefore developed alternative methods with the intention that they might reveal significant changes even though these might not be apparent in reconstructed images. (1) We used an accurate anatomical finite element model of the head to estimate which electrode combinations were most sensitive to each subject's pathology, based on their MRI. The boundary voltage in the 25% of the most sensitive channels was compared for the pathological region and a normal mirror region from the contralateral side of the brain on the image. (2) Images of absolute conductivity were reconstructed with a nonlinear iterative method. Conductivity at different frequencies was constrained to the whole brain compartment and the known region of the pathology. Although, this would clearly not be useful in the intended clinical situation in acute stroke, as the region of pathology would not be known, it was undertaken in order to increase the chances of finding a significant change. This was termed 'compartment-wise reconstruction'.
Expected impedance changes
1.5.1. Expected local impedance changes in the brain in acute stroke or haemorrhage. The expected changes locally in the brain during acute stroke or haemorrhage ranged from 0.2% to 185% depending on the frequency range and condition (table 1). (Cone and Cone 1976 , Pethig 1987 , Surowiec et al 1988 , Haemmerich et al 2003 .
Limitations in bandwidth available for recording with the UCLH Mk 2 EIT system.
Ideally, measurement should be in the range from 20 Hz to 1.6 MHz, where the largest frequency difference changes are expected to occur, but tank calibration indicated that, for the UCLH Mk 2, only 4-128 kHz appeared to be reliable. Unfortunately, although the system worked satisfactorily in the range 4-128 kHz in the tank, in human studies, there was an unexpected roll-off at extremes; analysis in human data was therefore undertaken by comparing the in-phase measurement in the restricted range of 16-64 kHz. The expected changes can be determined by reference to published impedance properties in the literature, which are summarized in figure 2. In this range of 16-64 kHz, blood, normal, and ischaemic brain decrease resistivity by about 0.2%, 1% and 12%, respectively (figure 1, table 1).
Expected size of changes when recorded on the scalp.
Impedance changes which occur locally in the brain will be substantially reduced in size when recorded with scalp electrodes, because of partial volume effects and the blurring effect of the skull and extracerebral layers. These effects have been modelled in our group, using a fine realistic FEM of the head. Gilad et al (2005) considered time difference changes in dc conductivity due to neuronal activity in the visual cortex (a centrally-located, plum-sized area of the brain). They found that the most sensitive channels on the surface detected changes two to three orders of magnitude smaller than the local changes.
The standing boundary voltage differences between 64 and 16 kHz have been estimated using a detailed FEM of the head, in which impedance properties of the brain, CSF, skull and scalp were inserted from the literature (Horesh et al 2005c) (table 2) . A detailed analysis is outside the scope of this paper, but an example may serve to give an upper bound for required accuracy. For a haemorrhage, 47.7 ml in volume, near the edge of skull, in the most Figure 3 . Example of conductivity change for haemorrhagic lesion, 47.7 ml in volume, near the scalp. The largest change was estimated to be with diametrically opposed current injection (through electrodes 13 and 17) and adjacent measurement (through electrodes 10 and 11).
sensitive channel, the standing potential is about 2 mV and the difference in recorded voltage between 16 and 64 kHz is 6 µV, or about 0.35% of the standing potential. Changes larger than 50% of this were estimated to occur in 7% of electrode combinations (figure 3). The change for tumours may be expected to be about ten times larger-i.e. of the order of 3%. In estimating a desired accuracy for the instrumentation, other factors need to be taken into account: this estimate was for a large lesion near the edge of the brain, in the study, some lesions were smaller and deeper; for reliable stroke type detection, it may not be sufficient to record changes just in 10% of electrodes; to detect changes, the instrumentation should have an accuracy perhaps ten times greater than the change being recorded. Taking all these factors into account, and that the largest change in this frequency range was between tumour and haemorrhage at 12%, an upper bound for instrumentation accuracy might reasonably be set at 0.1% over the frequency range. In other words, the frequency difference in-phase recording between 16 kHz and 64 kHz should be accurate to more than 0.1% of the load measured at one of the frequencies.
Methods
Saline dilution studies
A saline filled 2D cylindrical tank, 10 cm diameter and 8 cm high, with 16 stainless steel electrodes in a ring, was filled with 0.2% saline, which was serially diluted in steps of 10% (figure 4). Using a diametric protocol, 100 sets of 96 boundary voltages were collected for each dilution, with the UCLH Mk 2. Data were collected over 2 kHz to 1.6 MHz with an applied rms current of 293 µA. The system was calibrated using corrections for phase and gain recorded on one channel with a resistor of 20 ; this was applied equally to all electrode combinations.
Data were also collected from a saline filled head-shaped 3D tank using a modified 10-20 EEG electrode placement scheme. (Tidswell et al 2001) . The system was calibrated using corrections for phase and gain according to the mean of all 96 electrode combinations recorded in the 2D tank filled with 0.2% saline; this was applied equally to all electrode combinations.
Human data collection
Data were recorded with the UCLH Mk 2 EIT system in seven patients with chronic stroke, brain tumours, or AVMs, with lesion sizes from 1.5 to 7 cm in diameter (the appendix). 31 EEG electrodes were placed on the head after skin abrasion using a modified 10-20 EEG electrode placement scheme. (Tidswell et al 2001) (figure 5). The contact impedance was checked using two terminal impedance measurements between electrode 1 and the other 31 electrodes. Each image data set comprised 258 impedance measurements made from combinations of the 31 EEG electrodes attached by unscreened leads up to 1 m long. Each patient gave informed consent. The Joint UCL/UCLH Committees on the Ethics of Human Research approved this study. Ten images were collected from each patient using a current waveform over 2 kHz to 1.6 MHz and a current of 293 µA RMS. The system was calibrated using corrections for phase and gain according to the mean of all 258 electrode combinations recorded in the 3D tank filled with 0.2% saline; this was applied equally to all electrode combinations. List of sensitive channels Figure 6 . Example of a brain tumour, segmented and inserted into the FEM, and used to calculate the most sensitive channels.
Analysis of between patient variation
Data were processed after adjustment according to the calibration data of phase and gain determined using the 3D head shaped tank. The Mk 2 EITS system has fixed gain; as a result, up to 50 channels in each subject saturated in human recordings and were discarded. The ratio of the in-phase component at 64 kHz divided by that at 16 kHz were analysed for between patient variation. This was undertaken by calculating the SD of the change across the seven subjects for one electrode combination. The mean and SD of these SDs across all 258 electrode combinations are then presented.
Sensitive channel analysis
An anatomically realistic Finite Element mesh of the head, with 31 111 elements (Tizzard et al 2005) and lesion location from individual patient MRIs, was used to calculate the relative sensitivity of each EIT electrode combination to the lesion and relevant boundary voltages (figure 6). Scalp 64/16 kHz resistance ratios for the 25% of channels that were most sensitive to each lesion, and those most sensitive to the contralateral side of the head without the lesion, for comparison, were compared using two way ANOVA.
Image reconstruction
Linear frequency difference reconstruction.
Reconstruction of the frequency difference images (64/16 kHz) of measurements made by Mark 2 was performed by using the tSVD linear reconstruction algorithm, which had a sensitivity matrix based on a forward model of a head-shaped model of the head (Tidswell et al 2001) . The same idealized model and electrode positions were used to reconstruct all images. Truncated singular value decomposition (tSVD) was used to invert the sensitivity matrix with a truncation of 50 singular values.
Compartment-wise reconstruction.
A five-shell finite element model, comprising five regions of scalp, skull, CSF layers, grey and white matter was used respectively (Horesh et al 2005c) . The known shape of the lesion derived from MRI and its contralateral mirror side were segmented in the forward model mesh. Each of the regions together with the lesion and the mirrored lesion were noted as compartments, and the lesions were assigned with the initial impedance values of their surrounding region. Initial impedance values were obtained from the literature for the MK2 EIT system frequency range (2 kHz to 1.6 MHz) (Ranck Jr 1963a , 1963b , Ranck 1964 , Ranck Jr and BeMent 1965 , (Gabriel et al 1996a (Gabriel et al , 1996b (Gabriel et al , 1996c . Electrodes were positioned according to the extended 10-20 EEG scheme, which provided uniform sampling of the scalp area. A compartment-wise sensitivity matrix was generated from the current field and adjacent measurement field solutions and a nonlinear inverse method (Levenberg-Marquardt) (Levenberg 1944 , Marquardt 1963 , Horesh et al 2005b was applied over the compartments, which reduced the underdetermined and ill-posed nature of the inverse problem. Every third frequency was considered as in the UCLH Mk 2 system the frequencies are applied in 3 batches of 10.
All data are presented as mean ±1 SD.
Results
Saline dilution studies
The EIT system was linear with respect to the load of saline dilution, to <1 error, but the gain was reduced at high and low frequencies, being -1 dB at 2 and 400 kHz relative to 16 kHz. A frequency-dependent phase shift of up to 360
• was present. After phase and gain correction, and normalization to 16 kHz, the variation across all channels and all frequencies was <2%, from 4 kHz to 128 kHz, for both the cylindrical and head-shaped tanks.
Contact impedance check
The two terminal impedance between electrode 1 and each other electrode for all subjects was less than 3 k at 2 kHz. The mean of two terminal impedance at 2 kHz was 1.4 k which varied by between 26% and 36% between the 31 electrodes (table 3).
Human data collection
After gain and phase correction based on the tank studies, the frequency spectra across different electrode combinations in the human data varied by more than 2% below 16 kHz and above Freq (Hz) Four terminal impedance (Ω) subject1 subject2 subject3 subject4 subject5 subject6 subject7 Figure 8 . Impedance spectra of the 1st electrode combination of each subject after calibration. 64 kHz (figure 8). The 64/16 kHz boundary voltage ratios, averaged across all electrode combinations for all subjects, were -6.3 ± 2.5%. The variability of the 64/16 kHz frequency difference across subjects was 2.45 ± 0.9% SD.
Sensitive channel analysis
There was no significant difference between the lesion and its mirror region over all subjects, but one subject (AVM1), with the largest lesion (3 cm in diameter) showed a significant difference (p < 0.05) (figure 9).
Image reconstruction
3.5.1. Linear frequency difference reconstruction. EIT images were analysed visually by a radiologist (AR) and experienced clinician (DSH). There were no reproducible or recognizable changes in EIT images when compared to the known pathologies on MRI.
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%change 64-16kHz ipsilateral contralateral Figure 9 . Resistance change between 64 kHz and 16 kHz for the lesion ('ipsilateral') and mirror area ('contralateral') (mean ± 1 SE). 
Compartment-wise reconstruction.
There were no significant differences between the lesion region with respect to the background grey matter and the mirror lesion (figure 10). In one subject, with a 7 cm diameter low grade glioma, TU2, the lesion grey matter was less resistive than the contralateral grey matter at all recorded frequencies.
Discussion
Summary of results
Overall, it was unfortunately not possible to observe any reproducible changes in raw data, sensitive channels or images between the three patient groups. This could be attributed to the variation in measurements over the frequency band used. The standard deviation of the in-phase component of the impedance at 64 compared to 16 kHz for the same electrode combination across subjects was about 2.5%, whereas the estimated accuracy needed was 0.1% or less.
Instrumentation considerations
Some restriction in bandwidth was predicted from the circuitry, and was observed as expected in the saline tank measurements. In addition, there was a further restriction due to the skin-electrode contact impedance in human measurements. The additional roll-off at low frequencies appears to be due to the high series skin-electrode impedance, so current was shunted to ground across the 10 k resistor. The additional roll-off at high frequencies appears to be due to the combination of a lower skin-electrode impedance and stray capacitance to ground. The increased contact impedance and dc blocking capacitors may be modelled to increase the attenuation of the high pass filter, using the known values of the blocking capacitor, cable capacitance of 50 pF, and the largest recorded contact impedance of 3 k . In the model, this was estimated to attenuate the EIT signals by more than 0.2 dB at 4 kHz and 16 kHz. In principle, if the roll-off at low and high frequencies had been predictable, the effect could have been calibrated out. Unfortunately, it varies between electrode combinations (figure 7), presumably because of variations in both skin-electrode impedance of over 30% (table 2) and stray capacitance.
As a result, in order to preserve accuracy independent of load over frequency, we had to restrict the reliable bandwidth to 16-64 kHz.
Possible explanation for negative finding
In order to discriminate changes between pathologies, accuracy over load and frequency of about 0.1% appears to have been needed. In the event, variability was about 2%, which is more than one order of magnitude greater. The largest expected change in the brain, between tumours and AVMs, was 12%. Although clinical studies with EIT have mainly been into the larger changes that occur with respiration or gastric emptying, smaller changes of less than this can be imaged in tanks (Holder and Khan 1994) or in imaging blood flow in the chest (Adler et al 1998) in time difference imaging. There have been few clinical studies of MFEIT (Brown 2003 ) and we are not aware of any that have successfully imaged changes of discrete pathology like this, in spite of good accuracy in tanks (Kao et al 2003) . There therefore appears to be a disparity between the contrast sensitivity for time difference and frequency difference imaging. The added requirement for MFEIT is that the system is accurate over both frequency and load; the difficulty in human recordings is that leads and skin-electrode impedance conspire to cause changes with both of these which add to cause larger variability than the changes themselves. In this work, there were special design features which constrained the recording bandwidth more than usual, but similar problems may be expected to occur with equipment such as the Sheffield Mk 3.5 (Wilson et al 2001) or Dartmouth system (Halter et al 2005) which operate over a broader range. In this case, although larger tissue changes may be expected to occur, larger variability in accuracy may also, and so still limit the ability to image relatively small lesions.
Use of data classification and constrained imaging
A different approach is to attempt absolute imaging. For example, absolute imaging could yield a significant result for patient 7 where the lesion grey matter is twice as conductive as the equivalent error on the contra lateral (mirror) side (figure 10). But the authors are not aware of any validated series of clinical measurements with this method. In this case, great precision is needed for the reconstruction algorithm-inaccuracy in knowledge of electrode positions, the initial impedance and the internal anatomy of the numerical model used for reconstruction, are all likely to be too great for the intended goal. In this work, we therefore elected to employ frequency difference EIT, as this at least has the potential to improve some of the systematic errors due to stray capacitance which are overcome by subtraction in time difference EIT.
Because such inaccuracies in the model used for this image reconstruction could have caused poor images, we therefore present two modified methods for data 'mining', which may be useful to others in the field who are undertaking clinical MFEIT studies.
Future work
If instrumentation can be developed which can operate over the full frequency range of 20 Hz to >1 MHz, the tissue changes are large-of the order of 100% (table 1) . Even with attenuation for scalp recording of two orders of magnitude, they require instrumentation accuracy of 0.1%, which appears feasible, at least on the test bench and in tank studies. For the UCLH Mk 2, we plan to remove the EEG filters to prevent the large attenuation at low frequency, minimize cable length and use driven screens to reduce capacitance to ground. Reduction of variability in electrode impedance is a priority, and it may be possible to achieve this with the use of headnets with hydrogel and improved mechanical stability (Tidswell et al 2003) . We also plan to miniaturize the system to reduce internal stray capacitance and, in the longer term, use active electrodes and a wireless system to improve performance. The use of accurate forward models, has, for the first time, allowed us to predict the likely magnitude of the expected changes and this is likely to permit closer adjustment of instrumentation accuracy for the intended goal.
This work has provided a sound basis for future studies. With such improvements, and improved reconstruction algorithms using the same accurate head models and nonlinear methods (Horesh et al 2005b) with novel constraints (Haber et al 2004 , Mayer et al 2005 , there are still good grounds for believing that substantial advantages from using EIT to image in acute stroke may still be possible.
Appendex. MRI and details of each subject. 
